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Abstract: We discuss a set of phase plate-pairs for the generation of 
variable amounts of primary spherical aberration. The surface descriptions 
of these optical plates are provided, and their aberration-generating 
properties are verified with real ray-tracing. These plate-pairs are robust in 
that they allow large tolerances to spacing as well as errors in the relative 
displacement of the plates. Both primary spherical aberration (r
4
) and 




 + 1) can be generated. The amount of 
spherical aberration is proportional to the plate-pair displacement and in our 
example it reaches up to 48 waves (~8 waves Zernike) for a clear aperture 
of 25 mm. 
©2011 Optical Society of America 
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1. Introduction 
Many optical devices and instruments can suffer from aberrations that cause blur and low 
contrast in captured images, as well as difficulties in sharp focusing. In certain applications 
only primary spherical aberration dominates. It is well known that focusing through a 
refractive index mismatch introduces spherical aberration that depends in the focusing depth. 
Thus, applications such as microscopy [1], optical trapping [2], and optical pick-up [3] among 
others, need to compensate for spherical aberration for good performance. The difficulties in 
focussing caused by spherical aberration have been recently exploited as a mechanism for 
achieving extended depth of field imaging in a hybrid optical-digital system in a technique 
called spherical coding [4]. These types of applications require a dynamic process to modify 
the spherical aberration of the system due to the change of the constraints of the system itself. 
Thus, in some applications, deformable mirrors [5], deformable membranes [1] or liquid 
crystal lenses [3] have been used as active correcting elements. 
An early and interesting optical aberration generator has been proposed by Buchroeder et 
al. [6]. This generator consists of a set of eleven lenses (plane parallel, cylindrical and 
spherical doublets) and by means of element tilts, rotations, axial and transversal 
displacements, a linear combination of aberrations can be generated. A different method for 
generating variable amounts of a given aberration is the use of phase plates that are displaced 
or rotated. The well-known method to produce only second order aberrations (defocus and 
astigmatism) is the Alvarez-Humphrey lens and Lohmann lens [6–9]. It is also possible to 
generate aberration by means of diffractive elements [10–13]. 
A method to produce variable amounts of spherical aberration coupled with coma, 
astigmatism and wavefront tilt has been discussed by López-Gil et al. [14]. A generalization 
to other aberrations has been proposed by Palusinski et al [15]. Hellmuth et al. [16] proposed 
and manufactured an adaptive phase plate where third-order aberrations can be adjusted by 
diagonally displacing two identical but opposite in sign phase plates. All of these approaches 
are based on the fact that for any aberration characterized by a polynomial expansion of 
degree n, a lateral displacement Δ of the reference frame gives rise to the appearance of all 
aberration terms of orders p equal to or smaller than n, whose coefficients are proportional to 
the powers Δ
n-p
 of the lateral displacement, as can be straightforwardly deduced [17]. 
Thus, by superimposing two such optical elements, phase plates with complementary 
signs, the original aberration mode of order n cancels out, and some amounts of lower order 
terms are produced. The above mentioned phase plates (except the Alvarez-Humphrey and 
Lohmann lens) generate some amounts of undesired lower order aberrations. This drawback 
was first overcome for non symmetric aberrations with rotating pairs of phase plates [18]. 
However, the rotating solution for spherical aberration generates phase dislocations and 
angular sectors with undesired phases. 
The problem of generating spherical aberration using phase plates and without introducing 
significant unwanted aberrations is of current interest given the variety of systems [1–5,19] 
that would benefit from its solution. In this paper we discuss a solution to this problem. We 
use two sets of phase plates that are displaced in perpendicular directions. The result is the 
ability to generate primary spherical aberration (r
4





1) that is proportional to the plate-pair displacement. The simulation results performed in 
Zemax, optical design software, show ample tolerances to errors in the plate spacing and 
displacements, and insignificant aberration residual due to other modes. 
2. Theory 
In this section we describe the physical shape of two phase plate-pairs able to produce a 
variable amount of a linear combination of quartic and quadratic phase terms. A schematic 
drawing is shown in Fig. 1. 
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Fig. 1. System of phase plates and way of displacement. 
The phase plate system consists of two pairs of phase plates. For the first pair and for the first 
plate, the first surface is described by, 
 
3 2 4 231( , ) [ 2 ],
2
a
S x y A x y xy xy     (1) 
where A represents the strength of the plate and a can take any real value. The second surface 
of the first phase plate is flat. 
The first face of the second plate is flat and the second surface is also described by Eq. (1) 
replacing A by –A. If we assuming parallel light illumination, then when both plates are in 
contact and displaced by an amount Δ in opposite directions along the X coordinate, the 
resulting optical path difference is proportional to the equivalent thickness of the set in the 
overlapping region, this is, 
 2 2 3 2 4 2
1 ( ')[6 2 4 3 ] ,OPD A n n x y y y a y           (2) 
where n represents the refractive index of the plate and n’ that of the surrounding medium. In 
Eq. (2) some constant phase terms have been neglected and a simple optical path addition has 
been used to obtain the final optical path difference. 












   (3) 
When these plates are in contact and displaced in opposite directions in the Y coordinate by 
the same amount Δ, the optical path difference becomes, 
 4 2 3 4 22 ( ')[ 2 3 3 ].OPD A n n y y x a x           (4) 
Thus, when both pairs of plates are stacked together a linear combination of spherical 
aberration and defocus proportional to the relative displacement Δ is obtained, 
 4 23 ( ') [ ] ,OPD A n n r ar      (5) 
where 2 2 2r x y  . If the parameter a = 0 only primary spherical aberration is obtained 
whereas with a = 1 some defocus is introduced which minimizes the OPD variance (being in 
fact proportional to Zernike polynomial 4 2(6 6 1)r r  . Thus the quadratic terms can be 
optionally introduced in order to have certain control on the best focus positions. Figure 2 
shows in false-colour scale the shapes of the aspherical surfaces for both primary and Zernike 
spherical aberration. 
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Fig. 2. Surface shapes for classic spherical aberration (top) and Zernike spherical aberration 
(bottom). 
In summary, we point out that the generation of spherical aberration using only one pair of 
phase plates is accompanied with lower order aberrations such as tilt, coma, and astigmatism 
[14,15,19]. Our phase plates do not generate such terms at the expense of using two pairs of 
phase plates that move in orthogonal directions. Both the shape of the plates and the 




 terms while cancelling lower order 
terms. 
3. Numerical simulations 
In developing Eq. (5) we have assumed that the ray intersection coordinates along the four 
plates are the same and that the system is perfectly aligned with all plates in contact. In 
practice none of these assumptions are valid. In this section we analyze some tolerances of the 
plate system by modelling different situations of spacing between plates and misalignments. 
Without loss of generality we will only show the results for the generation of Zernike 
spherical aberration. 
Our phase plates described by Eqs. (1) and (3) with a = 1 were modelled in Zemax optical 
design software. We used BK7 glass for plates in air and a wavelength of 0.6563μm. Each 
plate is a square of about 50 mm in side and a thickness of 5 mm . The strength parameter A is 
set to 0.02 to obtain up to 8 waves of Zernike spherical aberration for a maximum 
displacement Δ of 10mm  and a pupil of 25 mm  in diameter (about 48  waves peak to 
valley). The resulting wavefront is fitted to 25 Zernike polynomials listed in Table 1. 
Table 1. List of Zernike Polynomials Used for the Fit 
1 (10r5-12r3 + 3r) cos(θ) 
rcos(θ) (10r5-12r3 + 3r) sin(θ) 
rsin(θ) (20r6-30r4 + 122r-1) 
(2r3-1) r4cos(4θ) 
r2cos(2θ) r4sin(4θ) 
r2sin(2θ) (5r5-4r3) cos(3θ) 
(3r3-r) cos(θ) (5r5-4r3) sin(3θ) 
(3r3-r) sin(θ) (15r6-6r4 + 20r2) cos(2θ) 
(6r4-6r2 + 1) (15r6-6r4 + 20r2) sin(2θ) 
r3cos(3θ) (35r7-60r5 + 30r3-4r) cos(θ) 
r3sin(3θ) (35r7-60r5 + 30r3-4r) sin(θ) 
(4r4-3r2) cos(2θ) (70r8-140r6 + 90r4-20r2 + 1) 
(4r4-3r2) sin(2θ)  
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First we assume the plates are aligned but there is some spacing between them due to the 
optical mounts. Thus a spacing of 3 mm  between pairs and a spacing of 1 mm between plates 
of each pair is considered for the simulations as shown in Fig. 3. 
 
Fig. 3. Phase plate schematic drawing. 
The expected linear behaviour of the fit coefficient for the Zernike spherical aberration with 









































Fig. 4. Variation of the Zernike spherical aberration versus plates displacement. 
After subtraction of an optimized value of spherical aberration simulated with an even asphere 
of 4th degree in the input of the system, the residual aberration peak to valley value of the 
phase as well as rms value of the phase are plotted in Figs. 5 and 6 respectively. Figure 7 
shows some phase maps of the residual aberrations for different values of the displacements. 
It can be observed that the rms residual error depends on the square of the displacement and 
less than 0.02 waves rms error is obtained for the maximum displacement of Δ = 10mm 
(where about 48 waves of spherical aberration can be achieved). 
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Fig. 7. Phase maps for the residual aberration for displacements between plates of (a) 0mm, (b) 
+ 5mm and 5mm (c) + 10mm and 10mm. 
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For analysing the effects of misalignments we show phase maps using the phase plates in 
the same situation as in (i) but also considering misalignments and rotations of the plates in 
the following cases: 1) Δ = 0mm for the first pair and Δ = 0.01mm for the second pair, 2) Δ = 
5mm for the first pair and Δ = 5.01mm for the second one, and 3) Δ = 10mm for the first pair 
and Δ = 10.01mm for the second one. In addition, in these three cases the following random 
values for plate rotations about the axes X,Y, and Z were included in the simulation: 
a) The first plate was rotated 0.1 degrees about X, 0.05 about Y and 0.3 about Z 
b) The second plate was rotated 0.2 degrees about X, 0.04 about Y and 0.1 about Z 
c) The third plate was rotated 0.05 degrees about X, 1.1 about Y and 0.2 about Z 
d) The fourth plate was rotated 0.8 degrees about X, 0.05 about Y and 0.1 about Z 
The phase maps with spherical aberration removed are shown in Fig. 8. It can be seen that the 
residual P-V value in the phase error in all cases is not larger than two times the P-V value in 
the alignment case what also implies a large tolerance to misalignments given the perturbation 
values chosen. 
 
Fig. 8. Phase map (in waves) for a set-up randomly misaligned for displacements of (a) 0mm, 
(b) 5mm and (c) 10 mm. 
The phase plates optical figure error depends on the quality of the final phase error 
specified. Thus for a / 4 maximum phase transmitted error and using the RSS (Root of Sum 
Squares) error rule, the individual eight surfaces must be approximately made 
to  / 4 8 1n  . 
4. Conclusion 
We have presented a set of phase plate-pairs for the generation of a variable amount of 
primary spherical aberration. This amount is proportional to the relative lateral displacement 
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of each pair. It is noteworthy that the numerical simulations under realistic (and quite 
extreme) experimental constraints show that the system is tolerant to both the spacing between 
plates, as well as to misalignments and rotations of each of the plate components. 
Our phase-plate design is different in its inner working principle. Rather than using a 
differential movement in one direction as in earlier phase plates, it uses a superposition of two 
differential movements in orthogonal directions to generate spherical aberration. In this way, 
no lower modes are generated and the residual higher modes are not significant. Although the 
implementation of four plates could seem a disadvantage, the system is tolerant to 
misalignments even for large displacements that are required to generate a large amount of 
spherical aberration. Considering that the problem of the generation of a variable amount of 
spherical aberration is still of importance in many fields, the use of four plates is nevertheless 
an attractive solution. This solution is an inexpensive and robust alternative to other means, 
not necessarily less complex or easily implemented such as deformable mirrors. Furthermore, 
both primary spherical aberration and Zernike spherical aberration can be generated with our 
proposed phase plates. 
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